Abstract. deregulated activity of the BcR-ABL tyrosine kinase encoded by the Bcr-Abl oncogene represents an important therapeutic target for all the chronic myelogenous leukemia (cML) phases. In this study, we sought to identify targeted PKR activation by Bcr-Abl AS RNA, an anti-sense RNA complementary to the unique mRNA fragments flanking the fusion point of Bcr-Abl, which can be used as an effective anti-leukemia strategy in K562 cells. Moreover, we observed expression of Bcr-Abl AS RNA in K562 cells which resulted in selective apoptosis induction through specific activation of PKR, leading to phosphorylation of eIF2α, global inhibition of protein synthesis, caspase-8 activation and BAX up-regulation. The targeted PKR activation and induced apoptosis were reversed by the PKR inhibitor 2-aminopurine. Taken together, our results indicate that targeted PKR activation led to selective apoptosis induction in K562 cells, which correlated with caspase-8 activity and enhanced expression of BAX.
Introduction
The deregulated activity of the BcR-ABL tyrosine kinase (TK) encoded by the Bcr-Abl oncogene is a therapeutic target in all phases of chronic myelogenous leukemia (cML) (1) (2) (3) . BcR-ABL activates numerous pro-growth and pro-survival mechanisms, which confer resistance of Bcr-Abl positive cells to apoptosis (2, 3) . A comprehensive understanding of the molecular basis of cML has led to the development of highly effective and targeted therapies that inhibit BcR-ABL tyrosine kinase activity. The best example is represented by the treatment of cML with imatinib mesylate (STI571), a specifically designed inhibitor that targets the tyrosine kinase activity of the BcR-ABL and consequently induces apoptosis in cML cells and patients. However, patients may develop imatinib resistance, which may result from the amplification of Bcr-Abl, from mutations in the Abl kinase domain that lead to a drug-insensitive protein, or from Bcr-Abl-independent mechanisms (4-6). As a result, much interest is now focused on the development of other targeted therapeutic strategies in order to inflict a more effective blow upon CML cells at the time of blast crisis and resistance.
PKR, a double-stranded RNA-dependent protein kinase, first identified as a key molecule against viral infection, is now recognized not only as an important regulator of cell growth and cell differentiation, but also as an effective inducer of tumor apoptosis (7, 8) . With strong serine/threonine kinase activity, active PKR in its phosphorylated form can activate the pro-apoptotic factors such as caspase-8 (9,10), caspase-9 (11, 12) , and Bax (10) , suggesting that PKR can be taken as an important target for tumor therapy. Therapeutic strategies aimed at targeting PKR are indeed beginning to offer promising results. Previous studies (13) (14) (15) have demonstrated that PKR can be activated in cancer cells by in situ generation of dsRNA in the cancer cell. The strategy is based on the fact that chromosomal translocations, the most common somatic mutation class among known oncogenes, lead to the production of unique mRNA species (16) . Upon hybridization with the fusion mRNA by a designed antisense RNA of 30-85 nucleotide length, a dsRNA molecule will be generated that is long enough to activate PKR within cancer cells while the formed short dsRNA can not activate PKR in normal cells (17) . PKR and its signaling pathway are not restricted to a given cell line; therefore, in principle, this dsRNA-mediated sacrificing strategy (DKS) can be applied to any cancer that expresses unique RNA sequences. As a result, we believe that a treatment strategy aiming at sequence-specific activation of PKR in Bcr-Abl positive cells is of promising potential in treating cML with minor or no toxic effects on normal cells. 
Materials and methods

Chemicals
Construction of Bcr-Abl AS RNA-encoding retroviral vector.
The 38 nt antisense (AS) and sense (S) oligonucleotides corresponding to both 19 nt fragments of Bcr-Abl immediately flanking the fusion region were synthesized, self-annealed and inserted into the BamHⅠ/HindⅢ sites of the pSilencer3.0-H1. Upon hybridization with wild-type Bcr and Abl, the AS RNA produces two dsRNA fragments each of 19 bp, while with Bcr-Abl it produces a 38 bp dsRNA. The transcription termination signal for RNA polymerase Ⅲ is a string of four or more thymidine residues (19) . To prevent early termination of transcription, the thymidine residue at position 25 of Bcr-Abl AS was replaced by cytosine (indicated by the lowercase bold type letter in Table I ). As binding and activation of PKR by dsRNA can tolerate a single-base mismatch (18), the above replacement should not interfere with PKR activation. The pMScV-GFP vector was derived from pMScV-neo by replacement of neo with a GFP cassette, which was amplified from pIRES2-EGFP. For retroviral vector construction, the H1 cassette was amplified and subcloned into the SalI/HindIII sites of pMScV-GFP to obtain pMScV/GFP-H1-BcR/ ABL 38AS vector. The selected clone was confirmed by dNA sequencing analysis. All the sequences synthesized to construct the retroviral vectors are shown in Table I .
Cell culture and retrovirus transduction. K562 cells and normal control EcV304 cells were obtained from the American Type culture collection (Manassas, VA, USA) and maintained in RPMI-1640 medium and dMEM medium respectively, supplemented with 10% fetal calf serum, 2 mM glutamine and antibiotics (100 U/ml penicillin and 100 µg/ml streptomycin) at 37˚C in a humidified atmosphere of 5% CO 2 . Liposome dMRIE-c was used to transfect polyIc into K562 and EcV304. Retrovirus containing pMScV-GFP and pMScV/ GFP-H1-Bcr-Abl 38AS were generated by transfection of these constructs into PT67 cells using liposome dMRIE-c. Virus supernatants were harvested at 48 h, passed through a 0.45 µm filter, aliquoted and kept at -80˚C. The generated virus titer was 5.5-7.0x10 5 cfu/ml and the stocks were designated as RV-GFP and RV-38AS respectively. The retroviral transduction was done per the recommended protocols provided by Bd Biosciences.
Morphological analysis. K562 cells were infected with RV-GFP and RV-38AS for 24 h, collected, cytospined, stained with Wright-Giemsa and observed for nuclear and morphological changes under a microscope. Apoptosis analysis. cells were collected, washed with cold PBS, fixed with ethanol and stained with PE-labeled Annexin-V (Responsif, Erlangen, Germany) and 7-AAd. Apoptosis was determined by the FACSCalibur flow cytometer (Bd Biosciences, San Jose, cA, USA) and data analysis was performed with the cellQuest software (Bd Biosciences). dNA laddering was detected by isolating fragmented dNA using the SdS/proteinase K/RNase A extraction method, which allows the isolation of fragmented dNA without the contamination from genomic dNA (20) .
Transmission electron microscopy. cells were collected and fixed in 2.5% glutaraldehyde solution. Fixed cells were washed three times with cold cacodylate solution, and postfixed with 0.1 mol/l cacodylate buffer for 3 h at 4˚C. After washing with distilled water, cells were stained en bloc with uranyl acetate, dehydrated in graded ethanol and propylene oxide, infiltrated, embedded, and polymerized in polybed resin. Cells were then infiltrated for 6 h with 100% polybed resin, embedded in fresh resin, and polymerized overnight at 70˚C. Thin sections were cut, stained with uranyl acetate and lead citrate, viewed and photographed with a Hitachi-600 transmission electron microscope.
Assays of caspase-8 and caspase-9 activities.
The detection of the activities of caspase-8 and caspase-9 were carried out per the manufacturer's instructions for the quantitative caspase-8 and caspase-9 activity detection kit (Nanjing KeyGen Biotech co., Ltd., china).
RNA preparation and RT-PCR analysis.
The total RNA was extracted by TRIzol reagents (Takara) according to the manufacturer's instructions and approximately 20 µg total RNA were subjected to electrophoresis on a 1% agarose gel to verify the quality of the RNA. RT-PcR assays for Bax and Bcl-2 were performed using standard conditions and the product was normalized to the control gene, β-actin. The sequences of the PcR primers are listed in Table II .
Protein translation detection. cells were seeded into a 24-well plate at a density of 5x10 5 /ml and grown overnight. cells were then infected with 400,000 IU of appropriate retrovirus and treated with 5 mM of 2-AP where indicated. After 24 h, cells were washed twice with PBS and serum-free medium was added. After 6 h, 1 µci 3 H-leucine was added for 20 h, and cells were then washed twice with PBS and collected. Equal volumes were taken for determination of total protein labeling and total mRNA concentration. cells were lysed using 100 µl of cell lysis buffer. Lysates were then transferred to scintillation vials and the radioactivity was counted in an LS6500 β-counter.
Western blot analysis. Approximately 1x10
6 cells were pelleted and lysed with 200 µl modified RIPA buffer (50 mM Tris-HCl, 150 mM Nacl, 1% Igepal cA-630, 0.25% Na-desoxycholate, 1 mM EdTA) supplemented with a protease inhibitor cocktail for 60 min on ice. The lysates were centrifuged at 14,000 x g for 30 min at 4˚C, after which the supernatants were collected and stored at -80˚C. Protein concentration was determined using the BcA protein assay. For each sample, the same amount of proteins were denatured and applied onto SdS-PAGE gels; separated proteins were transferred to PVdF membranes followed by blocking with 10% non-fat dry milk. The membranes were incubated with primary antibodies against PKR, p-PKR, BcL-2 and BAX (Santa cruz Biotechnology), followed by incubation with an HRP-conjugated secondary antibody (Wuhan Boshide company, china). The blots were developed by dAB (Beijing Biotech co., Ltd.), imaged and analyzed by photodensitometry using the Bio-Rad Gel Imaging System. The membranes were re-probed with an antibody against β-actin (Santa cruz Biotechnology) using the same procedures described above.
Statistical analysis. data are expressed as means ± standard error of the mean (SEM). Statistical analyses were performed by unpaired Student's t-tests. A P-value of ≤0.05 was taken to indicate statistical significance.
Results
Expression of Bcr-Abl AS RNA induces cell cycle arrest and apoptosis in K562 cells. The effects of Bcr-Abl AS RNA were assessed in vitro, and we observed that expression of Bcr-Abl AS RNA or transfection with polyIc led to cell cycle arrest in K562 cells (Table III) . For example, RV-38AS treatment for 24 h increased the percentage of cells in the G 0 /G 1 phase from 36.44 to 57.47%. concomitant with this increase was a significant decrease in the percentage of cells in the S phase from 58.53 to 31.48%. Furthermore, the addition of 2-AP reversed this cell cycle arrest (Table III) . As is shown in Fig. 1 , expression of Bcr-Abl AS RNA induced nuclear condensation, cell shrinkage and membrane blebbing as could readily be observed under a light microscope (Fig. 1A) . Apoptotic bodies were observed under a transmission electron microscope (Fig. 1B) . Moreover, it was found that RV-38AS induced an accumulation of fragmented dNA (Fig. 1c) , a hallmark of apoptotic cell death. Flow cytometric analysis further confirmed the massive apoptosis induced by the expression of Bcr-Abl AS RNA (Figs. 1d and 2A) . We further demonstrated that expression of Bcr-Abl AS RNA induced apoptosis in K562 cells in a time-dependent manner (Fig. 2B) . These results suggest that after cell cycle arrest, RV-38AS-treated cells may undergo apoptosis. This possibility was supported by the findings in which the addition of RV-38AS to K562 cells resulted in elevated activities of both caspase-8 and caspase-9 with time kinetics similar to the RV-38AS-induced loss of cell viability (Fig. 4A) .
Expression of Bcr-Abl AS RNA activates PKR in Bcr-Abl positive K562 cells, but not in Bcr-Abl negative cells.
In order to confirm specific PKR activation in Bcr-Abl positive K562 cells, we first examined PKR activity in both K562 and EcV304 cells. As shown in Fig. 3A , infection of K562 cells with RV-38AS led to strong PKR activation that was comparable to that of cells transfected with the synthetic dsRNA molecule polyIc, a universal activator of PKR. In contrast, PKR activity in EcV304 cells infected with RV-38AS exhibited no detectable changes compared to that of untreated cells. The total protein expression levels of PKR in both cells were not altered by the expression of Bcr-Abl AS RNA, indicating that the activation of PKR induced by Bcr-Abl AS RNA expression is specific to Bcr-Abl positive cells.
Bcr-Abl AS RNA-induced apoptosis is mediated through the PKR activation signaling pathway in K562 cells.
To study the involvement of PKR and to further clarify the role of PKR activation in Bcr-Abl AS RNA-induced apoptosis in K562 cells, we examined the effect of the specific PKR inhibitor, 2-AP, on PKR activation and apoptosis induction. Treatment with 2-AP reversed the RV-38AS-induced PKR activation (Fig. 3A) . Meanwhile, as shown in Fig. 1c and d and Fig. 2A , the results from both dNA gel electrophoresis and flow cytometric analysis of cell apoptosis revealed that RV-38AS-induced apoptosis was effectively inhibited by 2-AP.
It has been shown that the events immediately downstream of PKR activation involved in apoptosis are the phosphorylation of eIF2α by PKR and the activation of NF-κB transcription factors (21, 22) . Our results showed that infection with RV-38AS also stimulated phosphorylation of endogenous eIF2α in K562 cells, but not in EcV304 cells (Fig. 3A) , further confirming the specificity of the PKR activation in Bcr-Abl positive cells.
We next examined whether PKR activation-induced eIF2α phosphorylation leads to a global inhibition of protein synthesis. Infection of K562 cells with RV-38AS resulted in a significant reduction in total protein translation (Fig. 3B) . The reduced protein translation was reversed through treatment of the RV-38AS-infected cells with 2-AP, suggesting that the PKR/eIF2α pathway may be directly involved in the inhibition of the translation. These results confirm that RV-38AS-induced apoptosis is mediated through the PKR activation signaling pathway in K562 cells.
Effects of PKR activation on caspase activation.
Earlier studies have shown that PKR activation induces apoptosis of mammalian cells through activation of the caspase pathways (9) (10) (11) (12) . We sought to examine the possible involvement of caspase-8 and caspase-9 during the apoptosis process induced by the expression of Bcr-Abl AS RNA. ELISA assays showed that activation of PKR in K562 cells resulted in the elevated activation of both caspase-8 and caspase-9 as early as 4 h, and their peak values were respectively reached at 12 and 18 h (Fig. 4A) . In the presence of the caspase-8 specific inhibitor, Z-IETd-FMK, RV-38AS-induced caspase-8 activity was significantly reduced at 4 h (Fig. 4A) , whereas the activity of caspase-9 was only partially reduced, indicating that the RV-38AS induced apoptosis may be mediated, at least in part, through a caspase-8 dependent pathway. As caspase-8 is up-stream of caspase-9 activation, this is in good concordance with the findings that downstream caspase-9 is activated by caspase-8 during PKR-induced cell apoptosis (11, 12) . conversely, we found that the activation of both caspase-8 and caspase-9 was attenuated after treatment with 2-AP in K562 cells (Fig. 4A) , indicating the PKR activation-dependent effect of Bcr-Abl AS RNA on caspase activation. consistent with its inhibitory effect on PKR activation (Fig. 3A left) and the activities of caspase-8 and caspase-9 (Fig. 4A ), 2-AP was shown to prevent RV-38AS-induced apoptosis ( Fig. 1c and d) . The data further support that PKR activation plays an important role in apoptosis induction and caspase activation in K562 cells infected with RV-38AS. Thus, our findings strongly suggest that RV-38AS-induced apoptosis in K562 cells may be mediated, at least in part, by the PKR/ caspase-8 signaling pathway. Effects of PKR activation on the protein expression of BCL-2 and BAX. The BcL-2 superfamily members play an important role in the regulation of the structural and functional stability of the mitochondrial membrane, and are known to be a 'check point' in the apoptosis process at mitochondrial level. Apoptosis induced by caspase activation is regulated by the balance between BcL-2 and BAX. To verify whether the expression of BcL-2 and BAX was involved in PKR activation-induced K562 cell apoptosis, we conducted RT-PcR and Western blotting experiments to evaluate their expression. Our results illustrated that PKR activation up-regulated BAX both at the mRNA and protein level, while the expression of BcL-2 was not affected (Fig. 4B and c) . These results indicate that a significant decrease in the BCL-2/BAX ratio, due to up-regulation of BAX and the lack of change in the BcL-2 expression, was observed in K562 cells treated with RV-38AS compared to untreated cells. The Bcr-Abl AS RNA-induced up-regulation of BAX at both the protein and mRNA level were reversed by the addition of 2-AP (Fig. 4B and c) .
Discussion
In this study, we have demonstrated that the selective cell cycle arrest and apoptosis induction of K562 cells can be achieved through a specific stimulation of PKR activity by the expression of a unique dsRNA, a 38-nucleotide long antisense RNA complementary to the unique e14a2 junction of Bcr-Abl in K562 cells. As is shown in Fig. 5 , the oligo anti-sense RNA of 38 nt, complementary to fragments flanking the fusion site in Bcr-Abl, can produce a dsRNA molecule of 38 bp, a sufficient length to activate PKR and induce cell apoptosis upon hybridization with Bcr-Abl fusion mRNA, but not wild-type Bcr or Abl, leading to sequence-specific activation of PKR in Bcr-Abl positive cells. We further found that expression of 38AS-RNA caused cell cycle arrest and massive apoptotic cell death in K562 cells, but not in EcV304 cells which express the wild-type Bcr and Abl. PKR was shown to be specifically activated in K562 cells with elevated caspase-8 and caspase-9 activity and an enhanced expression of BAX, which was shown to be inhibited by 2-AP. Taken together, our data suggest that the expression of Bcr-Abl AS RNA specifically and effectively induces apoptosis in K562 cells, which correlates well with the targeted activation of PKR, the subsequent activation of caspases and the up-regulation of BAX. Our results further indicate that the dsRNA-mediated cell killing strategy may be useful in treating any cancers that express a unique RNA species.
Although in principle, the dsRNA-mediated cell killing strategy may be useful in treating any cancers types that express a unique RNA species, so far, PKR activation-induced apoptosis by this mechanism had successfully been used only in some solid tumor cells (13, 14, 23) . In the present study, we investigated the feasibility of the specific activation of PKR and the selective induction of apoptosis in K562 cells through the expression of Bcr-Abl AS RNA, and further explored the underlying mechanisms leading to apoptosis. Elevated phosphorylation of both PKR and its well-known key substrate, eIF2α, in K562 cells but not in EcV304 cells, indicated the selective activation of PKR in K562 cells. To determine whether Bcr-Abl AS RNA induces apoptosis through PKR activation, an antagonist of PKR, 2-AP, was employed. co-treatment with 2-AP rescued K562 cells from apoptosis induced by the expression of Bcr-Abl AS RNA. The findings that Bcr-Abl AS RNA selectively activated PKR and that 2-AP abrogated apoptosis induced by Bcr-Abl AS RNA indicate that expression of Bcr-Abl AS RNA could specifically induce apoptosis in K562 cells through selective activation of PKR in Bcr-Abl positive cells.
Earlier studies (24, 25) have demonstrated that PKR activity varies during cell cycle progression, with highest levels in early G 1 and a second peak at the G 1 /S boundary. cells expressing the catalytic inactive form of PKR or lacking PKR have a prolonged G 1 phase, with fewer cells engaged in the S phase, suggesting that PKR may have a role in cell cycle progression. concurring with these observations, our results showed that after infection of K562 cells with RV-38AS, the percentage of cells in the S phase drops to about half of the number found in the untreated control group, which was further shown to be reversed by 2-AP, indicating that PKR activation induced G 1 cell cycle arrest in K562 cells. cell cycle arrest triggers programmed cell death in many tumor cell lines. As shown in Fig. 4A , this is also applicable to PKR activation in K562 cells. Four hours after treatment with RV-38AS, K562 cells show activation of the apoptotic pathway by the activation of both caspase-8 and caspase-9. The fact that K562 cells undergo classical apoptosis after RV-38AS-induced cell cycle arrest is further demonstrated by the occurrence of nuclear condensation and fragmentation shown in both the light the electron micrographs by the fragmented dNA in dNA gel electrophoresis. clearly, expression of Bcr-Abl AS RNA in K562 cells led to apoptosis induction after cell cycle arrest.
To further understand how the activation of PKR effectors regulate apoptosis induction, the underlying mechanism by which the apoptotic machinery integrates these signals were explored in the present study. Previous studies (9, 10) have already demonstrated that PKR-induced apoptosis involves mainly the FAdd/caspase-8 pathway, although APAF/ caspase-9 activation is also observed during PKR-induced apoptosis (12) . In light of these findings, we examined the possible involvement of caspase-8 and caspase-9 in the induction of apoptosis induced by the expression of the Bcr-Abl AS RNA. Results from our experiments showed elevated activation of both caspase-8 and caspase-9 during apoptosis induced by PKR activation, which is in good concordance with all the above findings. Meanwhile, in the present study, activation of caspase-8 and caspase-9 in K562 cells were found to increase with time kinetics similar to the Bcr-Abl AS RNA-induced PKR activation and cell apoptosis, suggesting a caspase-8 and caspase-9 mediated apoptotic pathway in K562 cells. In addition, cells treated with the caspase-8 inhibitor, Z-IETd-FMK, had a minor reduction of caspase-9 activity, indicating that caspase-9 functions downstream of caspase-8 in the PKR-induced apoptosis, which coincide with the findings of Iordanov et al (11) and Gil et al (12) .
It has widely been accepted that apoptosis is an active gene-directed cellular suicide mechanism and many human genes, such as the p53 gene, c-Myc and the Bcl-2 gene family contribute to its regulation. Among these genes, Bcl-2 draws particular attention because it may be one of the key factors of the common final pathway involved in the regulation of cell apoptosis (26). BcL-2 can form heterodimers with BAX, a BcL-2-associated protein that antagonizes BcL-2 function and induces cell apoptosis (27) . Meanwhile, PKR has previously been found to induce the expression of the pro-apoptotic protein BAX (10) . In this study, we found that expression of Bcr-Abl AS RNA potently up-regulated BAX expression at both the mRNA and protein levels. No influences were found on the expression of BcL-2. The resulting net effect could thus lead to a lower ratio of BcL-2/BAX, which might be responsible for the RV-38AS-induced apoptosis in K562 cells.
Our study indicated that expression of Bcr-Abl AS RNA could selectively activate PKR in Bcr-Abl positive cells, which were further demonstrated to be sensitive to apoptosis induced by PKR activation. Furthermore, the activation of both caspase-8 and caspase-9 and a decrease in the BcL-2/BAX ratio, which are events downstream of apoptosis, were observed in K562 cells infected with the Bcr-Abl AS RNA-encoding retrovirus, which were further found to be antagonized by 2-AP.
Taken together, we demonstrate for the first time that the dsRNA-mediated cell killing strategy could selectively induce apoptosis of cultured K562 cells with ectopic expression of the Bcr-Abl AS RNA complementary to the unique e14a2 junction of Bcr-Abl through the activation of both caspase-8 and caspase-9 pathways and the up-regulation of the pro-apoptotic factor, BAX. Therefore, the dsRNA-mediated cell killing strategy could be explored as a promising anti-leukemia agent or an adjuvant to the conventional therapeutic modalities in cML.
